¢

LAWRENCE
LIVERMORE
NATIONAL
LABORATORY

UCRL-JRNL-201727

ECR Browser: A Tool For Visualizing And
Accessing Data From Comparisons Of
Multiple Vertebrate Genomes

|. Ovcharenko, M. A. Nobrega, G. G. Loots, L.
Stubbs

January 8, 2004

Nucleic Acids Research



Disclaimer

This document was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor the University of California nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsibility for
the accuracy, completeness, or usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately owned rights. Reference herein to any
specific commercial product, process, or service by trade name, trademark, manufacturer, or otherwise,
does not necessarily constitute or imply its endorsement, recommendation, or favoring by the United
States Government or the University of California. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States Government or the University of California,
and shall not be used for advertising or product endorsement purposes.



I. Ovcharenko et. al

ECR Browser: A Tool For Visualizing And Accessing Data From Comparisons Of

Multiple Vertebrate Genomes

lvan Ovcharenkb®’, Marcelo A. Nobregd Gabriela G. Loots and Lisa Stubbs

'Genome Biology Division, Lawrence Livermore National Laboratoryekinore, CA
94550

’Energy, Environment, Biology and Institutional Computing, Lawrence Livermore
National Laboratory, Livermore, CA 94550

3Department of Genome Sciences, Lawrence Berkeley National Laboratory, Berkeley,

CA 94720

* For correspondence
Email: ovcharenkol@IlInl.gov, stubbs5@lInl.gov

Fax: (925) 4222099



I. Ovcharenko et. al

ABSTRACT

The increasing number of vertebrate genomes being sequenced in draft or finished form
provide a unique opportunity to study and decode the language of DNA sequence through
comparéive genome alignments. However, novel tools and strategies are required to
accommodate this increasing volume of genomic information and to facilitate
experimental annotation of genome function. Here we present the ECR Browser, a tool
that provides an egsand dynamic access to whole genome alignments of human, mouse,

rat and fish sequences. This wbkased toollittp://ecrbrowser.dcode.grgrovides the

starting point for discovery of novel genes, identificatafrdistant gene regulatory
elements and prediction of transcription factor binding sites. The genome alignment
portal of the ECR Browser also permits fast and automated alignment of any user
submitted sequence to the genome of choice. The interconneétibe ECR browser
with other DNA sequence analysis tools creates a unique portal for studying and

exploring vertebrate genomes.

INTRODUCTION
The sequences of many vertebrate genomes including human, mouse, rat, and
several fishes have recently been gated and assembled. With the exponential increase

of sequencing performance and capabilities, the sequences of several other vertebrate

genomes are expected to emerge in the near future. Several studies have underscored the

value of alignments between bdlogous sequences from different species,

demonstrating clearly that conserved DNA segments provide a faithful guide in
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identification of functional sequence elements. This strategy has been validated both with
the identification of novel genes and of fttronal noncoding element&lnitski et al.

2003; Loots et al. 2000; Pennacchio et al. 200%¥hile the compeative analysis of

human and rodent sequences yeilds informative results in many(&dsé#ski et al.

2001; Hardison et al. 2003; Waterston et al. 2002ny genomic segments display either
too little or too much conservation in such comparisons, due to theundorm structure

and evolutionary rate across vertebrate genaf8astini et al. 2003)Moreover several
cardinal features in the human genome are likely to have been acquired or shaped more
recently than the humamouse evolutionary separati@gichler et al. 1998; Gardiner et

al. 2003) These examples underscore the need of alternative comparative strategies that
can accommodate the evolutionary asymmetries and architectural uniqueness of the
human genome.

Several strategies have badgvised recently to overcome these difficulties. In
particular, the use of multiple species sequence comparisons has been proposed as an
alternative to standard pairwise comparisons, aiming at the identification of a subset of
sequences conserved in mplé species. Using this premise, a new method of multiple
comparative sequence analysis was developed (Cooper et al. 2003), based on
identification of an optimal dataset of species to compare that results in the best
correlation between multiple conserveelquences (MCSes) and biologically relevant
regions. A similar prioritization strategy, using comparisons between human sequence
and that of a single distantly related species was recently shown to result in the
enrichment of conserved elements correspogdd highly relevant functional sequences

in megabasé¢ong gene desert regions flanking humiaACH1gene (Nobrega et al.
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2003). Another strategy, called phylogenetic shadowing, has also been developed to
detect and identify primate specific functional mlents (Boffeli et al. 2003), which

would not be detected in sequence comparisons of humans and rodents or more distant
vertebrates. Finally, several other studies have emphasized the opposite category of
elements, that is, those sequences that have asisea the divergence of fish and

primate lineage§Ghanem et al. 2003; Lettice et al. 2003; Nobrega et al. 20GRen
together, these studies illustrate that no single comparative genomic strategy suffices for
genomewide comparative studies. Rath there is a pressing need for the development

of tools that can integrate sequences of multiple genomes in a custata fashion,

allowing for a dynamic overlay of orthologous sequences from select numbers and types
of species, as deemed necessarydaseby case basis.

To fulfill this need, we have created a genome browser displaying multiple
alignment of genomic sequence of various sequenced species including human, rodents
and fish. This tool, called the ECR Browser, presents a dynamic representéti
sequence comparisons, allowing for uspecified optimal analysis of genomic regions
with differential divergence rates. Two main goals have driven the creation of the ECR
Browser: (1) fast speed for usspecific genome alignments, and (2) flexityito readily
adjust alignment parameters including the number and type of genomes being compared,
the genome to use as the “base” against which other genomes are compared, types of
annotation to be displayed, thresholds for identification of signifigacthserved
sequence elements, and other features that permit the user to tailor comparisons

specifically to regions characterized by different evolutionary rates. Furthermore, the
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ECR browser is designed to permit incorporation of novel genomes immecdaetéheir

sequence becomes available in public databases.

ALIGNING GENOMES

Several strategies have recently been developed to analyze complete sequences of
different genomes, from microbes to higher vertebré@mironne et al. 2003; Delcher et
al. 2002; Karolchik et al. 2003; Schwartz et al. 20@3)r the creation of the ECR
Browser, we employed a strategy of genome alignment that is basedioodnsecutive
sequence management steps. Briefly, after masking of repetitive elements, all the
genomes were mapped pairwise, to establish laogde syntenic relationships.
Subsequently, each syntenically homologous pair of sequences was aligndg, &ihal
the data was collected and stored in a central database that is then utilized by the ECR
Browser to construct conservation profile graphs at the user’s specification.

The main source of underlying genomic data utilized by the ECR Browser comes
from the UCSC Genome Browsgarolchik et al. 2003)In addition to the sequences of
the human, mouse and rat genomes adopted from the UCSC Genome Browser we
augmented the genome dataset with sequences of three fish genomes, Fizgnely
rubripes(http://www.jgi.doe.gov/fugu/),Tetraodon nigroviridis
(http://www.genoscope.cns.fr/externe/tetraodon/Ressource.htmDamd rerio
(http://www.sanger.ac.uk/Projects/D_rerio/). Repetitive elements in these genomes were
identified and masked, marked either using a lowasge notation when available or by a
local run of the RepeatMasker program (http://repeatmasker.genome.washington-edu/cgi

bin/RepeatMasker). Over millions of years of evolution since primate, rodent and fish
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speciation events, multiple largeale rearrangeents into the genomes of vertebrate
organisms have been introduced. To identify related syntenic blocks in these divergent
species, each pair of genomes was first mapped to each other. The dramatically different
evolutionary history that separates prinsaéaéd rodents from fishes, compared with the
evolutionary separation between fishes or within the primate and rodent lineages, requires
the application of different approaches to genome alignments of various types. For
mapping syntenic homologies betweennaclosely related species, such as humans and
rodents, we used a locally installed version of BieATtool (Kent 2002) For
comparative mapping of more distantly related species, such as humans and fishes (or
rodents and fishes), the more sensitive but sldvasttool was employedAltschul et al.
1990) At the final step of synteny mapping neighboring short hits of similarity were
joined into largeblocks of synteny (see Supplementary materials for details). Finally
pairs of homologous sequences from each syntenic block were aligned with the use of the
blastzalignment tool, with long alignments being cleaned from-ddagonal spurious
hits [Suppl.Materials].

From a technical viewpoint, alignments of the human and mouse genomes (as an
example) utilize 50Mbs of disk space (that is significantly less than the size of the
original genome FASTA files) and require less than a week on-prBdessor mache to
be created. This is significantly faster than any other genome alignment strategy
previously reportedqCouronne et al. 2003; Schwartz et al. 2Q0R)is scale up in
performance and significant savings of dggace permit us to have multiple genome
alignments on hand with a relatively short response time to update the ECR Browser as

new assemblies of genomes are released.
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VISUALIZATION AND DATA BROWSING SCHEME

The conservatioprofile visualization scheme dfie ECR Browser tool is based
on an idea originally implemented into the PipMaker tfthwartz et al. 200Q)nd later
adopted by both VistéMayor et al. 2000and zPicture tool§Ovcharenko et al. in press)
In this model, the base genome sequence is schematically linearized as the horizontal
axis, while the vertical axis represents the percentage identity between the base sequence
and the sequence being compared (Figure 1). Evolutionary conserved regions (ECRs) are
differentiated from the neutrally evolving background and are colorized depending on
their identities, as protein coding exons, UTRs, introns, repetitive elements or conserved
intergenic regions.

The ECR Browser dynamically constructs graphical consemairofiles for any
region in the genome, which can be specified by either a gene name or by absolute
genomic coordinates of the region of interest. Depending on user preferences the browser
augments the conservation profile with an annotation of diffegenbmic features, such
as known genes, gene predictions, repetitive elements and single nucleotide
polymorphisms, with annotations downloaded directly from UCSC Genome Browser.
Other browser features such as zooming, shifting argergering allow for tke rapid
conversion of the genomic size and coordinates being analyzed (Figure 1).

To accommodate for the namiform evolutionary structure of the genomes of
higher vertebrates, a flexible definition of ECR parameters was implemented in the
browser. Dispy variability allows the user to require high stringency parameters in

detecting ECRs in slowly evolving genomic regions or less stringent parameters to
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identify barely distinguishable, short ECRs in alignments, for example in rapidly
diverging regions oin comparative analysis of distantly related species. Additional
display customization is incorporated the permit selection of genomes to be added or
removed from the comparative analysis display, so that, for example, only alignments of
closely relatedgecies could be utilized in rapidly evolving genomic loci. Other custom
features include the format of the displayed conservation plot (eitherplpipr a

smooth graph), a selection of different types of gene annotation, and selection of picture
display parameters (Figure 2).

The ECR Browser is directly connected to genome sequence, readily providing
user access to the underlying DNA sequence that corresponds to the genomic region
being displayed. Also, the browser provides access to the sequenadisinaf genomic
positions of the ECRs detected in a region under a specified set of alignment conditions.
To provide ready access to individual ECRs, we introduced the “Grab ECR” option to the
browser which allows “onelick” access to any selected EGQiRthe conservation plot.

This option connects to a detailed ECR description page containing ECR sequences from
both species in any pairwise comparison, and a display of the underlying sequence
alignment. In addition, sequence characteristics such adgmgtcent identity, G+C

content and genomic coordinates are listed and are accompanied by links to the analysis
of potential transcription factor binding sites inside the ECR, through the rVista program

(Loots et al. 2002jFigure 3).
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SYNTENY

As a byproduct of the synteny mapping that is required for aceucamparative
alignements, the ECR browser is able to locate and reconstruct syntenic breakpoints,
establishing relationships that can be later utilized to navigate between different genomes
(Figure 4A). Using the syntenic alignments link, it is possilolgump from the display of
a specific locus in one genome directly to the visualization of the syntenically
homologous locus in another aligned genome (Figure 4B). This option permits users to
compare size, organization, conserved features at the saositodivergent genomes.

It also permits users to compare ECRs arising in comparisons between human and mouse,
for example, to those detected in the same genomic locus when rat and mouse genomes
are compared.

The identity of the “base genome” in the diaplof a particular region can also be
readily changed with the use of the ‘Base Genome’ feature. In contrast to the
corresponding function available through the synteny links page, this option does not
direct the user to a location in the newly selectedayee, that is syntenically related to
the original locus, and all the parameters including the genomic location and set of
species involved in the alignment will be changed to the default values for the new base
genome. This approach excludes uncertairthasarise due to multiple regions of
paralogous homology between certain genomic regions; by contrast all significant regions
of syntenic homology paralogy in each aligned genome are reported in the synteny links

page and can be analyzed using that link.
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GENOME ALIGNMENT

While precomputed alignments of the genomes available in the ECR Browser are
sufficient for multiple tasks, we also created custdefined alignment options within the
browser that allows the instantaneous alignment of any-desinedsequences. Such
gueries may be submitted either directly, in FASTA format, or automatically downloaded
from GenBank using the accession number of the sequence to be aligned, which is then
forwarded to the ‘Genome Alignment’ portal in the browser. Uporenang the user
submitted sequence, the ECR Browser will rapidly map this sequence to the selected
genome (either human, mouse, ratFoigugenome) using thBLATtool. When the
syntenically homologous region is identified in the selected “base” gentrmeggjion is
extracted along with the corresponding RefSeq gene annotdBiastzalignments of the
two sequences are made and a dynamic graphical visualization of the alignments is
generated (Figure 5). A dynamic zPictf@vcharenko et al. in press)conservation plot,
aportal to the rVista too{Loots et al. 2002)an alignment dotplot and a tool for

dynamic annotation of ECRs in the alignment are also automatically provided.

INTEGRATION WITH OTHER TOOLS

We intend to maintain the ECR Browser as a constantly updated tool that not only
incorporates newly deposited and atated sequences, but also provides direct
connections to the growing set of publicly available external sequence analysis tools.
Presently, an extensive annotation of known genes, gene predictions, experimental RNA

evidence and many other features is aafalié through the direct interface between the

10
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ECR browser and the Genome Browser at UGB&rolchik et al. 2003and the Ensembl
Genome BrowseBirney et al. 2004; Hubbard et al. 2002his portal permits the user

to examine any nogenic conservation pattern against the UCSC evidence database on
putative novel genes and noncoding RNAs. Alge ‘Synteny/Alignments’ link of the

ECR Browser brings user to the zPicture analysis web page, described above, offering an
easy and fast way to distill a chosen paise alignment out of the multiple genome
alignments. Using the zPicture features was modifications can be applied to the
alignment including the annotation feature which permits manual annotation for regions
not annotated in the ECR Browser (for example, incorporating-geeerated data), or
editing of public annotation to add featsreetrieved from other experimental or
computational sources.

As mentioned previously the ECR Browser is also interconnected with the rVista
tool (Loots et al. 2002) rVista is capable of filtering out up to 95% false positive
TRANSFAC (Wingender et al. 199)redictions of transcription factors binding sites
(TFBS) while preserving high sensitivity of the search. The rVista portal provides a
unique opportunity to predict the function ohancoding element. By identifying
evolutionary conserved TFBS in an ECR, the rVista portal provides a basis for
experimental testing and application of the known function of the conserved transcription
factors towards understanding the function of a neggimnty gene. Any pairwise
alignment from the ECR Browser can be automatically submitted for rVista analysis via
the ‘Synteny/Alignment’ link. Also, any ECR retrieved with the use of the ‘Grab ECR’

function can be submitted directly to rVista for bindiate analysis.

11
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CONCLUSIONS

The ECR Browser tool is designed to highlight candidate functional noncoding
elements and to visualize their genomic positions relative to the gene features in the
genome. By using comparisons with multiple species from selected evolutionary clades,
the ECR Browser provides flexibility in assessing evolutionary fates of noncoding
sequences, allowing for comparisons that reflect sequence conservation over a range of
time scales and in species with both shared and linepgeific hological features.
Comparisons with distant organisms, such as fish, will likely uncover the fundamental
building blocks shared by all vertebrates, while the comparative sequence analysis with
closer species such as rodents will highlight the functional structure of rapidly diverging
genomic regions, including those that dictate lineagecific traits, or sequences that are
specific to mammals.

Because it is directly connected to other publicly available sequence analysis
tools, the ECR Browser providehe user with an easy automated access to resources
permitting a thorough annotation of functional elements in the genome (through the
portal to the UCSC Genome Browser) and to the annotation of transcription factor
binding sites (through the portal the rVista tool). Because the underlying algorithms
and tools that power the ECR browser are designed to permit rapid updates, the tool will
be constantly updated with new sequence and new links to other relevant sequence
analysis sites. These featurdse tase with which conservation parameters and included
datasets can be changed by the user, and the immediate dynamic display of alignment

results, make the ECR browser a powerful new addition to the computational toolkit for

12
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annotating functional featusan the human sequence and in other genomes sequenced

now or in future years.
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Figure 1. ECR Browser visualization of the Lim Domain Only 1 (LMO1) gene 46kb loci
in the human genome located at chr11:82098265200 (UCSC freeze 16; NCBI Build
34). Conservation profile of the human region in a comparison witmtbese, rat, fugu,
tetraodon and zebrafish genomes. Five genomes that were compared to the human
original region are plotted as 5 horizontal layers of conservation diagrams and the small
image icon at the right sided of the plot represents a specie conésyy to the

alignment. Each layer contains a giype plot tha consists of a multiple short horizontal
black lines. Each of the lines represents an ungapped alignment with the vertical height of
the line describing the nucleotide identity underlying &granent. LMO1 gene is

depicted in blue and yellow colors with the blue bars depicting the exons that are
involved into the protein coding and yellow bars describing the UTRs. Direction of the
gene is given by arrow lines. Dark red bar on top of everyiayevides an overview of

the distribution of ECRs and is used to colorize underlying alignments. A conserved
alignment is blue if it overlaps with a coding exon, yelleW TR, pink— intron, red—
intergenic region. The green bars at the bottom thatlzeded to the top in gray indicate
repetitive elements in the base sequence. The top bar of the browser provides with the
quick-links to different chromosomes while the left bar represents a dynamic
chromosomal map. Mousdick on the top bar will result inthe change of the

chromosome and the click on the chromosome image in the left bar will shift the browser
window to that locus on the chromosome. Right <UCSC Browser> button will direct the
user to the visualization of the same genomic interval in the ©G&nome Browser
(Karolchik et al. 2003)The bottom set of multiple buttons provides with zooming and
shifting capabilities accompanied with the ‘Grab ECR’ function that will be described
later. The dynamics of the browser is also achieved through the brovesdrgmng
recentered at the position of the mouse click on the plot.
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Figure 2. ECR Browser settings allow flexible approach towards analysis of differently
evolving genomic regions and dynamic choice of the plot and alignment settings.

ECR Browser on Human (hgl6) Settings
Display alignments with Michss tnms)
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{Evolutionary Conserved Regions) i identiW:}E-- "E%
submit & return
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Figure 3. ‘Grab ECR'’ feature- an access to the sequence, alignment and sequence
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analysis tools for a single ECR.
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Figure 4. Syneny links in the ECR BrowseGATA3 human gene synteny in mouse, rat
and fugu genomes (plot A). Human (hgl6, chr10:81018Y208%; plot B) region is
linked to the orthologous regions in the mouse (mm3, chr2:983B3833435; plot C)

and rat (rn3, chr17:80002273023251; plot D) genomes. Four genome comparisons
(human, mouse, rat, and fugu) are present in all three cases witleeeditk in the base
genome.
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Figure 5. Genome alignment portal of the ECR Browser tool. Genomic sequence from
any specie that is submitted either as a FASTA file or automatically downloaded from
GenBank by an accession number can be mappedl@med to either human, mouse, rat
or fugu genomes (plot A). A genome alignment of a cow sequence identified by
AC14683 accession number with the human genome (hgl6 freeze; plot B)

SUBMIT SEQUENCE FOR GENOME ALIGNMENT

Sequence:

@ Paste sequence
(in FASTA format @)

T

) FASTA file (.fa) [ |(Browse.__]

i
) NCBI accession # |l AC146831.2

Repeats:
(Premasked sequences will result in significantly faster alignments)

&) Repeats are identified by lower-case letters

) Mask repetitive elements A

SUBMIT

25kb

25kb LOC113828 50kb

'50kb
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